Extreme nanowires (ENs) represent the ultimate class of crystals: They are the smallest possible periodic materials. With atom-wide motifs repeated in one dimension (1D), they offer a privileged perspective into the Physics and Chemistry of low-dimensional systems. Single-walled carbon nanotubes (SWCNTs) provide ideal environments for the creation of such materials. Here we present a comprehensive study of Te ENs encapsulated inside ultranarrow SWCNTs with diameters between 0.7 nm and 1.1 nm. We combine state-of-the-art imaging techniques and 1D-adapted ab initio structure prediction to treat both confinement and periodicity effects. The studied Te ENs adopt a variety of structures, exhibiting a true 1D realisation of a Peierls structural distortion and transition from metallic to insulating behaviour as a function of encapsulating diameter. We analyse the mechanical stability of the encapsulated ENs and show that nanoconfinement is not only a useful means to produce ENs, but may actually be necessary, in some cases, to prevent them from disintegrating. The ability to control functional properties of these ENs with confinement has numerous applications in future device technologies, and we anticipate that our study will set the basic paradigm to be adopted in the characterisation and understanding of such systems.
landscape of one-dimensional Physics and Chemistry. Such extreme 1D structures have an obvious potential for use as interconnecting elements between components in nanocircuits, but less immediate applications, such as the design of nano phase-change materials (NPCMs) for use in highefficiency solid-state storage devices, can be envisioned, especially since structural changes in 1D can be induced -and precisely characterised, as we show here -by the equally extreme confinement of matter at the nanoscale.
A practical route to achieving nano confinement in 1D is making use of single-walled carbon nanotubes (SWCNTs). A prominent characteristic of SWCNTs is their capillarity, 2 which has been explored in experiments to grow and encapsulate crystals, molecules and aggregates. SWCNTs have remarkable chemical stability and provide a very effective chemical shielding from the external environment. These characteristics make such tubes the ideal templates for the discovery of nanomaterials, as well as for the investigation of new material phases that emerge due to nano 1D confinement. [3] [4] [5] [6] [7] Conversely, we have recently shown that encapsulated ENs can be used to boost electronic transport in SWCNTs. 8 This further highlights the importance of such materials for applications in electronics, specially with the demonstrated possibility of building SWCNT-based transistors with gate lengths as small as 1 nm. 9 Hybrid nanotube-nanowire systems have been used in the fabrication of nanothermometers 10 and magnetic force microscopy sensors, 11 and potential for many other applications, 12 such as battery electrodes 13 and in photothermal nanomaterials-based devices, 14 has also been demonstrated. Applications of alloys containing Ge, Sb and Te in phase-change materials have enjoyed considerable success over the past decades, 15 and the search for NPCMs based on such elements is a natural step. 16 Te is of particular interest in this context because its bulk structure favours the formation of 1D structures. 17, 18 Ultranarrow Te nanowires down to 25 nm in diameter exhibit a wealth of interesting properties related to their photoconductivity, nonlinear optical response, thermoelectric, and piezoelectric effects. 19, 20 They have been employed in gas sensors, 21 optoelectronic devices, 22 and photonic crystals. 23 Recently, the dimensionality of Te wires was reduced to single atom chains in carbon nanotubes (CNTs) with internal diameters in the range 1.2 ± 0.2 nm.
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There is, however, a clear motivation to produce a more consistent, atomically regulated material, ideally encapsulated exclusively within single conformation ultranarrow single-walled carbon nanotubes (UNSWCNTs) with diameters smaller than 1.2nm. Such UNSWCNTs would have precisely tailored physical properties, being either pure semimetallic or pure semiconducting confining tubes with a single discrete gap.
Recent major developments in hardware for Aberration Corrected High-Resolution Transmission Electron Microscopy (AC-TEM) and Aberration Corrected Scanning Transmission Electron Microscopy (AC-STEM) 25, 26 have driven considerable interest in low dimensional materials, as imaging such systems requires very high precision. Such advancements, on the other hand, mean that three-dimensional data with atomic dimension accuracy is now needed for ENs if one is to ensure maximum compatibility between theory and experiment. From the theory standpoint, such developments are paralleled by the advent of highperformance computing, which, allied with clever approaches to structure searching, can increase the efficiency and accuracy in materials discovery and eliminate guesswork from the process.
Here, we combine AC-TEM, AC-STEM and electron energy loss spectroscopy (EELS) measurements with a high-throughput, 1D-adapted implementation of the ab initio random structure searching (AIRSS) method 27 to provide the most accurate characterisation to date of Te ENs grown inside UNSWCNTs. The AIRSS methodology has successfully been employed to tackle problems as diverse as the structural determination of pointdefects, [28] [29] [30] prediction of high-pressure phases, 31 as well as to detect structural transformations in nano-structured silicon-based lithium ion batteries.
32

Results and Discussion
We have filled UNSWCNTs with diameters spanning 0.7 nm to 1.1 nm with Te nanowires using a similar sublimation method to that applied by Senga et al.
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to the filling of double-walled carbon nanotubes with ionic CsI single atom chains. Elemental Te was filled by sublimation in vacuo (see Experimental Methods section) directly into the UNSWCNTs to produce single atom thick Te ENs. Our AC-TEM imaging results (Fig. 1) show that the vast majority of the obtained Te ENs consisted of single-atom thick Te 3-fold-symmetry helical coils (3Hs). We found that the "pitch" of each coil varies in a non-monotonic fashion with respect to the observed diameter of the encapsulating UNSWCNT. See the included Supporting Information (SI) for more details. Scanning TEM (STEM) imaging and EELS ( Fig. 2(a)-(d) ) confirmed the chemical identity of the obtained Te coils as elemental Te.
In order to unambiguously determine the structures of the encapsulated Te ENs, we adapted the AIRSS method 27 to the modelling of SWCNTencapsulated 1D structures (see SI). Additionally, we note that the determination of the most favourable ENs structure encapsulated inside a single SWCNT is not enough to provide a precise characterisation of SWCNT-encapsulated ENs.
The formation of distinct EN structures can be favoured by modifying the diameter of the encapsulating SWCNT, and the ability to predict the most favourable structures inside SWCNTs of any given diameter is thus paramount. Particularly at the very small length scale characteristic of confinement inside UNSWCNTs, drastic changes in the shapes of the encapsulated ENs are expected to occur at certain critical UNSWCNT diameters, and a map of such structural changes can be drawn by following the best diameter-dependent encapsulated structures. We have thus selected the most energetically favourable structures obtained from our AIRSS screening on Te ENs and produced the diagram shown in Fig. 3 . As discussed in the SI, to deal with strain and mismatch between the ENs and the encapsulating UNSWCNT, the computational procedure to obtain such a diagram involves the use of implicit SWCNTs (ICNTs). We discuss the ICNT model in the SI.
We can assert by analysing the diagram in Fig. 3 that the only viable geometry for the Te EN encapsulated inside UNSWCNT with diameters below 0.77 nm is that of a linear chain (LC). The threshold of 0.77 nm for the emergence of the LC structure is compatible with the van der Waals (vdW) radii of C and Te, which are approximately 0.17 nm and 0.21 nm, respectively. Repulsion between the electronic clouds of the encapsulated Te atoms and the UNSWCNTs walls increases rapidly for diameters below the calculated threshold, and the LC configuration is the one that minimises such an overlap. Due to interactions between electron beam and the imaged specimins, we could not ascertain the existence of a Peierls distortion (PD) 35 directly from our experimental data. In our simulations, however, we establish that such distortion is required for the encapsulated Te LC to be mechanically stableand, therefore, observable (see Fig. 4 ). The calculated bond length alternation (BLA) is of approximately 0.02 nm, leading to a reduction of about 4 meV/Te in the total energy of the chain. This BLA does not vary significantly with the diameter of the encapsulating SWCNT. The characteristic effect of a PD in the electronic structure of a LC is the lifting of band degeneracies at the boundaries of the Brillouin zone (of the new 2-atom primitive unit cell (PC)). This is also illustrated in Fig. 4 for the present case. Note, however, that the Te LC remains metallic despite the presence of the PD, as one of the electronic bands continues to cross the Fermi level. Given that PDs are almost exclusively associated with metallic-semimetallic electronic transitions in the literature, the metallic behaviour we predict for the encapsulated Te LC might seem contradictory at first. We point out, nonetheless, that atomic chains exhibiting metallic behaviour albeit featuring PDs have previously been predicted in different contexts. 36, 37 We have also found that the Te LC cannot form in vacuum, as it has an unstable transverse acoustic vibrational mode. Such an instability, however, is quenched upon encapsulation, making the encapsulated chain stable. The calculated phonon spectra for the chain in both cases is shown in Fig. 5a . The Te LC is therefore an example of an EN for The labels A-C mark the diameters at which we predict structural transitions to occur. Left and right panels: Geometries of the structures involved in the transitions A-C, along with the corresponding densities of states (DOS). The competing structures of the ENs were determined using the AIRSS method. The DOS were calculated using the OptaDOS code. 34 which nanoconfinement is not only a sufficient condition for mechanical stability, but also a necessary one.
We predict the first Te EN structural transition to occur in the vicinity of d = 0.77 nm (labelled A in Fig. 3 ), shortly followed by another one at d ≈ 0.86 nm (marked B). From A, our calculations indicate that the zigzag (ZZ) chain configuration becomes accessible for the encapsulated Te ENs, remaining so until the diameters of the encapsulating UNSWCNT reach approximately 0.86 nm. With n and m defined as discussed in the SI, we can narrow the possible UNSWCNTs possessing diameters in the A-B interval down to (8, 3) , (10, 0), (9, 2), (6, 6), (7, 5) , (10, 1) , (8, 4) , and (9, 3), in order of increasing diameters. The choice m ≥ 0 (right-hand chirality SWCNTs) was made without loss of generality as we verified that the chirality of the encapsulating UNSWCNTs does not affect the energetics of the encapsulated systems. As in the case of the Te LC, we found that the Te ZZ chain is mechanically unstable in vacuum and therefore cannot form in such an environment. Once more, however, the chain is stabilized upon encapsulation, as shown in Fig. 5b . Such chains therefore provide another example of ENs that require nanoconfinement to achieve mechanical stability.
From B, we predict the ZZ configuration to become less likely to occur, and the 3H form of Te 38 -the 1D building block of the bulk phase of the element -becomes the dominant structure. Depending on whether this 3H building block has right-or left-hand screw symmetry, bulk Te belongs to space groups 152 or 154, respectively. We have found that both chiral orientations of the 3H structure have practically identical formation energies, and are thus equally likely to form inside UNSWCNTs. Interestingly, we found that a defective version of the 3H structure becomes energetically competitive for SWCNT diameters starting from ∼ 1.1 nm (marked C in Fig. 3 ). Such a structure can be seen as a combination of two intercalated ideal 3H chains -one possessing left-and another right-handed screw symmetry. Both the ideal and defective 3H chains are mechanically stable, as can be seen from their phonon spectra presented in Fig. 5d . The fact that defective forms of the 3H EN are energetically favourable compared with the ideal configuration indicates the possibility of triggering structural changes, through the use of external stimuli, to displace Te atoms from their ideal positions. This could be performed, for instance, by irradiation with high-energy electron beams -although one has to exercise care in doing this, as we found in our experiments that the Te chains can become highly mobile, or even unstable, when interacting with high-energy electron beam radiation. Such a high mobility even caused the encapsulating SWCNTs to become empty again in a few occasions. Finally, we point out that, given the proximity of the curves representing the 3H and ZZ structures in Fig. 3 , such structures can reasonably be expected to coexist at the range of diameters between A and B.
In the left-and right-hand side panels in Fig. 3 we present the electronic densities of states for the Te structures involved in the transitions A-C. Owing to the general chemical inertness of SWCNTs, and to the particular tendency shown by Te to form covalent intra-chain bonds and only weak, vdWmediated inter-chain connections, the effects of EN-SWCNT interactions on the electronic structure of the encapsulated ENs are small. By inspecting the plots, we conclude that the structural change marked B also represents a transition from a metallic to a semiconducting EN state. Since encapsulating ENs inside SWCNTs is analogous to submitting the ENs to external pressure, the possibility demonstrated here of inducing metalsemiconductor transitions by encapsulation of Te ENs inside UNSWCNTs means that encapsulation can provide a controllable route towards the construction of pressure-stabilised on-off switches based on Te ENs -despite the semiconducting nature of bulk Te.
Apart from the ground state structures discussed so far, our AIRSS screening also yielded a number of metastable structures. From such structures, we selected those whose curves in the structure diagram ( Fig. 3) are located sufficiently close, at least at one point, to the curves corresponding to the diameter-dependent ground state geometries. We consider energies to be sufficiently close when they are separated by about 1 k B T , where k B is the Boltzmann constant and T represents the standard room temperature. At such a temperature, k B T ≈ 25.7 meV. One of such metastable structures is a double LC (two parallel LCs), which we found to be energetically accessible at diameters around 0.85 nm. Upon further inspection, however, we found that the double LC has a mechanically unstable longitudinal acoustic vibrational mode that cannot be stabilised by encapsulation. For this reason, we have not included this structure in our diagram. We verified that such a mode does not represent a Peierls instability. The other metastable structure is a 4-fold-symmetry helix (4H) akin to the one previously suggested for encapsulated sulphur. 39 Although we have not observed such structure in our experiments, we have determined that it is mechanically stable upon encapsulation (see Fig. 5c ), and could thus be accessible in small fragments. Our structure diagram indicates that this could occur for encapsulating SWCNTs diameters around 1.1 nm -the upper limit for the SWCNT diameters we considered experimentally. Fig. 6 presents a comparison between our experimental and simulated TEM images for the encapsulated Te 3H EN. The model in the simulated image corresponds to the most energetically favourable structure we predict for an encapsulating SWCNT with a diameter of 0.949 nm, while the experimental TEM image was obtained for encapsulated Te inside a SWCNT with an estimated diameter of 0.945 ± 0.015 nm. Images (a.I) and (a.III) clearly represent domains inside the encapsulating SWCNT in which the structure shown in (b) has been formed. Most interestingly, however, is the observation that, although the structure in image (a.II) looks distinct from (a.I) and (a.III), and could thus, in principle, correspond to a different EN structure, it matches exactly the simulated image (c), which has been obtained using the same model as in (b), differing only by a rotation around the translation axis. We can therefore affirm that (a.II) also corresponds to an encapsulated Te 3H EN. The very low frequencies (Fig. 5d ) of both the ideal and defective 3H acoustic torsional vibration modes (modes that correspond to a rigid rotation of the entire system around its symmetry axis at the limit q → 0) indicate that the energy cost to twist such structures around their symmetry axes is very small (for reference, 1000 cm corresponds to approximately 124 meV). Indeed, the different structural domains found in our experiments for the 3H chain, as depicted in Fig. 6(a) , are examples of the occurrence of such twists. On the other hand, the also very low frequencies of the longitudinal acoustic modes indicate that compressing or stretching the 3H chains also costs lit- to the most energetically favourable structure found here using AIRSS for Te encapsulated inside an explicit (7, 7) SWCNT (d = 0.949 nm). They differ only by a rotation around the common translation axis. We found that the energy required to compress the AIRSS structure so that theoretical and experimental coil pitches coincide is about 20 meV/Te. This is less than 1 k B T /Te at the adopted experimental conditions. The agreement between the geometries shown in (a.I), (a.III) and (b), as well as between (a.II) and (c), is excellent. Simulated images produced using the SimulaTEM code. 40 tle energy. These characteristics are compatible with the non-monotonic dependence reported here between encapsulating UNSWCNT diameter and encapsulated coil pitch: Since only small amounts of energy are needed for the Te 3H chains to be twisted, compressed and stretched, the chains can easily adapt to the periodicity and chirality of the encapsulating UNSWCNTs.
Conclusions
We have reported the observation and modelling of extreme Te nanowires encapsulated inside ultranarrow single-walled carbon nanotubes with diameters between 0.7 and 1.1 nm. providing thus a precise map of the diameterdependent transitions undergone by the encapsulated extreme nanowires. Such transitions were shown to be electronic (metal-semiconductor) as well as structural. We found a remarkable agreement between our experimental observations and our theoretical modelling, especially with regards to the determination of the encapsulating nanotube diameters at which the structural transitions have been predicted to occur. We analysed the mechanical stability of the encapsulated Te extreme nanowires and determined whether or not they are expected to form. By doing so, we also demonstrated that nanoconfinement is not just a viable way to synthesise extreme nanowires: In many cases, it might actually be a necessary condition to prevent the nanowires from disintegrating spontaneously. In particular, we have shown that truly 1D, single-atom wide Te linear chains can be synthesised provided that the confining diameters are small enough. Moreover, we established that such chains are longitudinally stabilised by the presence of Peierls structural distortions. We point out that the emergence of linear chains is not an immediate consequence of extreme confinement. In fact, structures such as isolated atoms and dimers, for instance, are also geometrically compatible with the nanoconfimenent conditions to which our Te linear chains are submitted, and could thus have been detected/predicted if they were energetically favourable. Finally, for the Te 3-fold-symmetry helical coil, we found that the pitch of the coil varies in a non-monotonic fashion with the encapsulating diameters. Such an effect is related to the relatively low energy cost involved in the processes of compressing, stretching and twisting such coils, which allows them to adapt to the periodicity and chirality of the encapsulating nanotubes.
The excellent agreement between our theoretical modelling and the outcomes of our experiments shows that our experimental-theoretical approach provides a high-quality quantitative characterisation of encapsulated extreme 1D nanowires -in fact, the most precise characterisation of such systems presented to date. We thus anticipate that the present study will set the basic paradigm to be adopted in the characterisation and understanding of nanoconfined 1D materials.
Experimental Methods
Sample Preparation
The ENs are prepared by sublimation into pretreated SWeNT 
HR-TEM and STEM-EELS
A JEOL ARM 200F microscope operating at 80 kV and equipped with a CEOS aberration corrector and a Gatan SC1000 ORIUS camera with a 40082672 pixel CCD was been used for TEM investigations. Wien filtering was performed of selected TEM Images using the script HRTEM FIlter authored by D. R. G. Mitchell and based on the work of R. Kilaas.
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A Gatan fiber-optical coupled SC1000 ORIUS camera with CCD size of 4008 by 2672 pixel was used for image acquisition. The STEM-EELS data was acquired on a Nion UltraSTEM100 instrument, operated at 60 kV acceleration voltage and equipped with a cold field emission gun providing a native beam energy width of 0.30 eV. The combination of low acceleration voltage and ultra-high vacuum (UHV) conditions at the sample (below 1x10-9 Torr) ensured that damage to the samples, in particular through knock-on or etching, was minimal, enabling long beam dwell times for spectrum imaging. The optics were configured to form a 1.1 Å probe (full-width at half-maximum) of 32 mrad convergence semi-angle, with 40 pA beam current. High and medium angle annular dark field images were recorded with semi-angular ranges of 85-190 and 55-80 mrad, respectively.
EELS data were collected with a Gatan Enfina spectrometer with a collection semi-angle of 36 mrad. A dispersion of 0.5 eV/channel was chosen in order to record simultaneously the C K and Te M4,5 edges (resulting in an effective energy resolution of 1.5 eV, limited by the detector point spread function). Spectrum images were acquired with a dwell time of 0.05s per pixel, providing a good compromise between signal-to-noise and possible damage to the Te wires within the nanotubes. The Te and C maps were generated by integrating the signal above the edge onsets over 75 eV windows, after subtraction of the continuous background using a power law. Principal Component Analysis was carefully applied to the raw datasets to remove detector Poisson noise. Supporting Information Available: More information about the adopted conventions, 44, 45 terminology and calculation [46] [47] [48] [49] [50] [51] [52] [53] parameters are available in the enclosed SI. A detailed discussion about the ICNT model introduced here, as well as about our adaptation of AIRSS for 1D systems (including corrections of mismatch-induced unphysical strains), can also be found there. The SI also presents a general method to calculate the unstrained periodicity of encapsulated nanowires while fully accounting for the presence of the encapsulating (explicit) SWCNT.
NB: This manuscript is a preprint of the paper ACS Nano 2017, DOI: 10.1021/acsnano.7b02225. When referring to the work presented here, please cite the published ACS Nano paper instead. 
Supporting Information for "Single-Atom Scale Structural Selectivity in Te
Nanowires Encapsulated inside Ultra-Narrow,
Single-Walled Carbon Nanotubes"
Adopting the convention widely used in the literature, we use a tuple (n, m) of integers to refer to a single-walled carbon nanotube (CNT) (SWCNT) with chiral vector C nm ≡ n · a 1 + m · a 2 , where a 1 and a 2 represent the vectors of the hexagonal primitive unit cell of graphene. An (n, m) SWCNT is generated by rolling up a sheet of graphene so that the points originally located at r and r + C nm coincide after the rolling up process has taken place. The periodicity of a SWCNT is determined by its translation vector, T nm , which is parallel to the SWCNT axis and is defined as the smallest vector perpendicular to C nm in the graphene's lattice. A lattice translation in the originating graphene sheet can always be mapped, in a SWCNT, to a translation along T nm followed by a rotation around it. Due to the hexagonal symmetry of graphene, all symmetry-unrelated SWCNTs can be generated by choosing 0 ≤ |m| ≤ n,
where the choices of m > 0 and m < 0 give rise to right-and left-handed SWCNTs, respectively.
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The tuples (n > 0, |m| ≤ n) are therefore unique identifiers for all independent SWCNTs. In this work, n and m lie within the ranges thus specified.
Theoretical Calculations 2.1 Structural Searches -AIRSS, 1D Structures, Mismatch and Strain
In the ab initio random structure searching (AIRSS) method, 3 target chemical compositions are taken as the only input information to randomly generate a large number of initial candidate geometries for the studied material. The survey of the search space can be aided by considering physically sensible constraints such as symmetry group considerations, for instance. The geometries thus generated are then fully relaxed into the nearest local minimum in their potential energy surfaces using an ab initio method of choice, such as density-functional theory (DFT), as used here. The resulting structures are finally ranked according to some well defined metrics, e.g. formation energy per filling atom. Provided that a large enough number of distinct sensible structures is generated, AIRSS can often unravel the ground state geometries of the surveyed materials, as 3 well many of the most relevant metastable configurations. 3 A difficulty that arises when doing structural searches on SWCNT-encapsulated nanowires is the fact that the natural periodicity of the encapsulated nanowire (ENW), i.e., the equilibrium length of one repeat unit of the ENW when not constrained to match the encapsulating SWCNT, is generally not commensurate with allowed translations of the encapsulating SWCNT. This means that the ENWs are often subjected to strain in order for matching to be attained. In the best case scenario, such strains affect the energetics of the simulated systems only by the addition an excess strain energy. In more critical situations, however, they can induce spurious local minima in the potential energy landscape into which the structures may be relaxed, leading thus to erroneous structural predictions. Another important observation is that the natural periodicity of an ENW, as well as the dimensions of its lateral cross-section, should depend on the diameters of the confining SWCNTs. For instance, a zigzag chain should eventually turn into a linear structure as it gets squashed by encapsulation inside narrower and narrower SWCNTs. Dealing with such dependences, however, is generally not a straightforward task, specially in high-throughput methods such as AIRSS.
To work around these issues to a first approximation, we have introduced here an electrostatic, smoothed out model for the encapsulating SWCNTs: The implicit SWCNT (ICNT) model, discussed in Section 3. We have employed ICNTs to replace the actual SWCNTs during the preliminary stages of our AIRSS searches. After such preliminary AIRSS searches, the most reasonable structures found were further refined and analysed using actual, explicit SWCNTs. Analogously, in the construction of the phase diagram shown in Fig. 1 (main text), we first determined the diameterdependent lengths and cross-sections of the selected ENWs by performing geometry optimisations inside ICNTs. The resulting structures were then encapsulated inside explicit SWCNTs, subjected to a maximum strain within which the deformations were verified to still be in the elastic regime (typically < 4%). The geometries of ENW+SWCNT systems were then fully optimised before obtaining the formation energies. The use of ICNTs allows a much better control over the effects of strain on the ENWs, and leads to significant speed ups in the searches. 4 
Computational Details
Our ab initio DFT 4 calculations were performed within the Kohn-Sham (KS) ensemble 5 and using a plane-wave basis-set for the expansion of the KS states, as implemented in the CASTEP code. 6 We used a variant of version 17 of CASTEP modified by us to allow the use of the ICNTs. Ultrasoft pseudopotentials 7 were employed, and the plane-wave basis set was truncated using a cutoff kinetic energy of 600 eV. . In order to estimate the errors introduced by pseudisation of the core, we compared the all-electron total energies of isolated C and Te with the ones calculated using the pseudopotentials as described. We found that the maximum errors in the total energies of C and Te are smaller than 1 meV for the chosen cutoff energy.
The SWCNTs used in our searches were surrounded by a vacuum of 5 Å, which we found to be enough to prevent spurious interactions between neighbouring images of the simulated systems, while allowing the searches to be performed efficiently. The Brillouin zones were sampled using 1 × 1 × n Monkhorst-Pack grids, where n was chosen, for each N T nm × (n, m) SWCNT, so that the distance between neighbouring k-points along the reciprocal lattice direction parallel to T nm was of about 0.036×2π Å −1
. We found this to be enough to converge the calculated E T e
Form to approximately 10 meV. Phonon calculations were performed using the finite displacement method with 1 × 1 × 8 supercells and a reduced k-point spacing of 0.02 × 2π Å Form , calculated for each final structure as:
In Eq. (S1), E T is the total energy of the full Te+SWCNT system, N C and N T e represent the total number of C atoms in the SWCNTs and Te atoms encapsulated inside them, and µ C and µ T e are the chemical potentials associated with a carbon atom in the selected SWCNT and an atom in the bulk phase of Te. To correct for the excess energy present in the encapsulated systems due to the axial strain imposed onto the ENW geometries, a slight modification was made to Eq. (S1) when constructing the phase diagram shown in Fig. 1 (main text) . The strain-corrected formation energies were calculated as:
where E S train represents the excess strain energy. We calculated E S train by first replacing the SWCNTs in the encapsulated systems by the corresponding ICNTs. Then, we allowed the system to relax fully while keeping the unit cell vectors fixed (i.e., without altering the lengths of the ENWs).
The resulting systems were then used as starting points for new geometry optimisations inside the same ICNTs, but this time allowing for variations in the length of the ENWs. Finally, the corrections E S train were obtained by calculating the differences between the energies of the constrained and unconstrained ICNT-encapsulated ENW systems.
6 found C ≈ 0.039 and ∆r 0 ≈ 0.147nm, in reasonable agreement with the values reported in Ref. [8] .
Eq. (S6) thus becomes: 
Next, we calculate the total valence charges ρ v (r, θ, z) of the actual SWCNTs. These charges are originally stored in a cartesian (x i , y j , z k ) grid, which we then transform into a cylindrical (r i , θ j , z k ) grid in order to evaluate, numerically, the cylindrically-averaged valence charge densitiesρ v (r) defined as:ρ
where L is the length of the smallest translation vector of the SWCNT. Since the integrals ofρ v (r) and ρ v (r, θ, z) over the entire space should be identical, the following normalisation condition holds:
where q v and Q v represent, respectively, the absolute values of the valence charge per carbon atom and of the total valence charge contained in one unit cell of the SWCNT. Interestingly, we have found that, regardless of the SWCNT,ρ v (r) can be very well approximated by Gaussian distributions centred around the radii of the respective SWCNTs, all having approximately the same standard deviation (∼ 0.06nm). Assuming thus a Gaussian functional form forρ v (r) and normalising it according to Eq. (S11), we obtain:
9 with Q(a,z) representing the regularised incomplete Gamma function, defined as:
where Γ(a, z) is the upper incomplete Gamma function, Finally, we observe that, since the core charges of the carbon atoms in the SWCNTs are confined to a very narrow region around the nuclei (the average 1s electron radius for carbon is ∼ 0.009nm 10 ), then, for |r − r 0 | > r c , where r c is the core radius of the carbon pseudopotential used, the total charge density should, for our practical purposes, coincide with the valence one.
The final step in our procedure is then to fit the tail of the charge density ρ 4 Periodicity of Encapsulated Nanowires:
Explicit CNT Approach
Although ENW are one-dimensional structures when considered from a physical point of view, one can think of their constituent atoms as occupying a finite, albeit very small, cross-sectional area. It is easy to verify in calculations, for instance, that the atoms in an ENW tend to get closer to the ENW principal axis as the ENW is stretched, while they tend to get farther away from the same axis as the ENW is compressed. Moreover, taking into account the finite dimensions of any given atom, even an atomic linear chain can be thought to possess a finite cross-sectional area determined by the radii of the atoms that form it. Here, we define the volume V ENW of one primitive unit cell (PC) of an ENW (possibly subjected to some strain) as:
where L is the length of the ENW PC and D is the diameter of the smallest cylinder needed to encapsulate the ENW, taking into account the van der Waals radii of its composing atoms. With V ENW defined as in Eq. (S15), we fit a set of calculated (V i , E i ) points to a theoretical E(V) relation, 11 obtained using an equation of state (EOS), to obtain V eq .
As already pointed out, however, D will generally be a function of L. Therefore, one needs to know D(L) to work out the ENW equilibrium length L eq from V eq . The quantity relating D and L is the Poisson's ratio (ν), defined as:
where ε ⊥ and ε z are, respectively, the strains on the ENW along its transverse and longitudinal directions (not to be confused with the transverse static permittivity of the ICNTs introduced in Eq. (S4)):
which are here assumed to be small. It follows from Eqs. (S16) and (S17) that:
Since L eq and D eq are both unknown quantities, it is useful investigating the limit of infinitesimal deformations of the ENW PC around the equilibrium configuration. This can be done by writing
where L = L eq + δL and D = D eq + δD(L). Since δD(L) → 0 as δL → 0, Eq. (S19) thus leads to:
Therefore, if we choose an arbitrary reference point (L 0 , D 0 ) located in the vicinity of (L eq , D eq ), then a good approximation for the diameter D(L), where L is also located close to L eq , can be obtained by integrating Eq. (S20):
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We determine the value of ν by performing a series of geometry optimisations for the ENW kept at different fixed lengths L, calculating D for each relaxed structure as discussed, and then fitting Eq. (S21) through the points thereby obtained. L 0 is kept fixed during the fit, while D 0 and ν are allowed to vary. After using an EOS to calculate V eq , we substitute Eq. (S21) into Eq. (S15) and invert the resulting equation to determine L eq . Now, since, ideally, one would like to have L 0 = L eq and D 0 = D eq in Eq. (S21), we repeat the process just described, self-consistently, making L 
Non-Monotonic L eq (d CNT ) Relation
We have applied the above described procedure to determine L eq for 3-fold-symmetry helical coil (3H) nanowires encapsulated inside ultra-narrow single-walled carbon nanotubes (UNSWCNTs) with diameters d CNT between 0.84 and 0.96 nm. The values of L picked for the ENW PCs throughout the calculations described in this section were chosen as to lie approximately within ±10% of the equilibrium PC lengths estimated, to a first approximation, using ICNTs (see Section 3). The Rose-Vinet EOS 11 was adopted to obtain E(V).
In order to account for the presence of actual, explicit CNTs in the ENW systems, the calculated formation energies per PC, defined similarly to Eq. (S1), were used instead of the total energies. Fig. S4 illustrates the fitting procedure, and Fig. S5 shows a comparison between experimentally measured and theoretically calculated 3H ENW lengths as a function of the encapsulating SWCNTs. Both the experimental and theoretical curves show a non-monotonic relation between L eq and the diameters of the encapsulating UNSWCNT. 
